The basis of this work was to understand the generation of lift and thrust of a flapping biwing ornithopter, which is influenced by its geometrical, dynamic, kinematic and aerodynamic features by following a generic approach in order to identify and mimic the mechanisms. As further development of earlier work, three-dimensional rigid thin wing is considered in flapping and pitching motion using strip theory and two-dimensional unsteady aerodynamics for idealized wing in pitching and flapping oscillations with phase lag. Later, parametric study is carried out to attain a complete cycle's lift and thrust physical characteristics for evaluating the plausibility of the aerodynamic model and for the synthesis of an ornithopter model with simplified mechanism. Further investigation is conducted to identify individual contribution of generic motion towards the flight forces. Results are assessed in comparison with existing theoretical and experimental results as appropriate.
Introduction
Motivated by flying biosystems, flight engineering has been initiated since hundreds of years ago and has gradually grown from the time of Leonardo Da Vinci to Otto Lilienthal's gliders to modern aircraft technologies and present flapping flight research. Overview of some relevant characteristics of flapping biosystems are tabulated in Table 1 in order to establish an insight for developing flapping ornithopter, particularly in the present study, drawn from information given by Dickinson et al. [1] , Ellington [2] [3] ,Weis-Fogh [4] , Shyy et al. [5] [6] , Ansari, Zbikowski and Knowles [7] , and Jones et al. [8] , among others. Two groups of flapping flight may be distinguished, bird flight and insect flight, each of which reveals different flight characteristics and capabilities. One of the first successful attempts to develop bird-like flapping flight was made by DeLaurier [9] . While our understanding of fixed wing aerodynamics has been vastly advanced in the last one hundred years, leading to efficient and high performance aircraft of many kinds, despite substantial research effort, flapping wing aerodynamics remains a difficult and challenging subject [10] .
In this work, a generic approach is followed to understand and mimic the unsteady aerodynamics of bio-inspired flapping wing to produce lift and thrust for hovering and forward flight. In spite of the simplicity of the geometry, kinematics and aerodynamics of the model, the interest is how the model performs. Aerodynamic Strip theory and Theodorsen-Jones [11] [12] unsteady aerodynamics will be utilized. The viscosity effects, noting the relatively low Reynolds number range of interest, is incorporated using empirical relationships, such as that due to Jones [12] . Garrick leading-edge suction formulation [13] and Scherer's modified Theodorsen-Jones Lift Deficiency Factor (threedimensional effect) [14, 15] are also utilized in the present developed model. Considerations will be given to oscillatory motion of the idealized wing in pitching and flapping with phase lag.
By carrying out parametric study, one will obtain the lift and thrust characteristics within a cycle, which could be considered for synthesizing proof-of-concept Flapping Wing Ornithopter model with simplified mechanism. Since interest is focused on ornithopter non-hovering flight, the effect of leading edge vortices can be ignored, and will be assessed a posteriori. Note also that in the considerations of unsteady flapping motion, two parameters may alternatively be utilized; these are reduced frequency and Strouhal number, as will be defined in corresponding sections. The generic approach of simple up-down flapping motion in one complete cycle of a real bird is exhibited in Fig. 1 . A computational code for the modelling of ornithopter unsteady aerodynamic is developed, which can be further enriched with additional motion elements and control elements, and to be synthesized into a laboratory model. 
Formulation of Problem, Scope and Objectives
A generic wing planform is chosen in the present work as the baseline geometry for Biomimicry of ornithopter wing Flapping Mechanism, which is a semi elliptical wing, and synthesized by taking advantage of the information summarized in Table 1 , and shown in Fig. 2 , with the backdrop of various wing-planforms of insects and birds. A semi-elliptical planform was chosen due to the general observation and the fact that most of the flying ornithopter's wings shape depicted a close proximity to this shape.
The lift and thrust generated by pitching and flapping motion of three-dimensional rigid wing are computed using strip theory and Jones' modified Theodorsen approach without camber, downwash effect and post-stall behavior as a structured adaptation of DeLaurier's [8] . In addition, flapping contribution and leading edge suction are included in the study. Through such approach, a novel initiative is carried out for the parametric study on the contribution of wing pitching motion, flapping motion and coupled motion, as well as the influence of pitch-flap phase lag for insight and optimization purposes by looking into the influence of the variation of the forward speed, flapping frequency and pitch-flap phase lag. The computational logic follows earlier work [16] [17] [18] [19] [20] . The plausibility of the results are assessed by comparison to appropriate existing literature [9, 21, 22, 23] . Following de Laurier [9] , the flapping wing motion is differentiated into three distinct motions with respect to the three axes; these are: a) Flapping, which is up and down plunging motion of the wing; b) Feathering is the pitching motion of wing and can vary along the span; c) Lead-lag, which is in-plane lateral movement of wing, as shown in Fig. 3 . The flapping angle β varies as a sinusoidal function and pitching angle θ are given by the following equations.
which coincidentally similar to that adopted by Ou and Jameson [10] , and where θ 0 and β o indicate the maximum value for each variables, φ is the lag between pitching and flapping angle and y is the distance along the span of the wing under consideration. By referring to Eq. (1) and Eq. (2), β and θ vary following sine function which indicates that these motions start from zero at the axis, a choice will be adopted in the present modeling. In addition the pitch of the wing has been redeveloped such that it allows for pitch variation along spanwise distance and does account for induced pitch due to flapping motion. Under these more sophisticated considerations of DeLaurier Ornithopter Model as schematically shown in Fig. 4 , downwash effect and leading edge suction are included. Following De Laurier's flapping wing aerodynamics model, strip theory approximation will be assumed, which implies that the aspect ratio of the wing is sufficiently large to allow the treatment of the flow over each chordwise section (in free-stream direction) essentially independent of the neighboring sections. Three dimensional effects will later be introduced using Scherer's modified Theodorsen-Jones Lift Deficiency Factor [14, 15] . To account for the unsteady effects, Theodorsen unsteady aerodynamics [11] and its three dimensional version by Jones [12] have been incorporated. Further development and refinement is made to improve accuracy. Note that in the kinematic modeling of the wing, the choice of the initial movement may lead to the variation of the performance outcome. For example, the kinematic equations imposed by DeLaurier suggest that the wing's motion starts at downstroke which indicate the initial presence of lift. In the present model, linear variation of the wing's dynamic twist incorporated in DeLaurier's analysis [9] is not taken into account for simplification and instructiveness. However, in principle, such additional requirements can easily be added due to its linearity. The plunging displacement or heaving of the wing, h in the flapping direction as illustrated in Fig. 4 , due to small angle approximation is given by: h yβ ≈ 
The Theodorsen function, is a function of reduced frequency [3, 11, 24] , which is given by:
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and is also taken into considerations. Since no consideration of vortex shedding is incorporated, Strouhalnumber, is not addressed. In addition, following the common practice in unsteady aerodynamics, the unsteady motion is assumed to be harmonic (i.e. sinusoidal), where the relative angle of attack at three-quarter chord, α, is then given by:
Ae ω α = (7) After considering all of these basic fundamentals, α' is given by:
where α' is the relative angle of attack at three-quarter chordpoint which has taken into account the three dimensionality of the elliptical planform. For such considerations, Jones [12] came up with modified unsteadiness coefficient: 9) is the modified Theodorsen Lift Deficiency function for finite aspect ratio. Accordingly, C(k) jones is a complex function; therefore it is more convenient to use Scherer's [14] formulation which takes the following form:
relate to the well-known Theodorsen function (Eqs. (9) -(10b)), which are functions of reduced frequency, k. In the Complex Analysis of Theodorsen, Garrick and others, the convenience of the analysis is to have the Imaginary part for the Lift [25, 26] . By using Complex Analysis:
and Q is given as
. Then, substitute Q into Eq. (11) to get:
Since the reduced frequency, 
From Eq. (10), the absolute value of C(k) is given by: 
π ρυω (16) or in trigonometric form as: 
where the imaginary part of the above equation is: 
For consistency with the strip theory, the downwash for untwisted planform wing is given by:
The flow velocity, which including downwash and wing's motion relative to free-stream velocity, V can be formulated as:
where the third and fourth terms are acting at the three-quarter chord point. The apparent mass effect (momentum transferred by accelerating air to the wing) for the section, is perpendicular to the wing, and acts at mid chord, and can be calculated as [9] :
The term
is mid-chord normal velocity's time rate of change due to the motion of the wing. Apart from normal forces, chordwise forces are also generated due to sectional circulation distribution. The total chordwise force, dF x is accumulated by three forces which are leading edge suction, force due to camber, and chordwise friction drag due to viscosity effect. All of these forces acting along and parallel to the chord line. (28) Due to viscosity effect, the leading edge suction predicted from potential theory for most aerofoils will be less that 100%; therefore the efficiency term η s is introduced for dT s . The normal 2D force, dN, and the two-dimensional chordwise force, dF x for each section also changes its direction at every instant during flapping. These vertical and horizontal directions force components will be resolved into those perpendicular and parallel to the free-stream velocity, respectively. The resulting vertical and horizontal components of the forces is then given by: 
These expressions need to be integrated along the semi span,b/2 to obtain a three dimensional lift for each wing: 
Results and Analysis
The results below are obtained using the following wing geometry and parameters: the wingspan 40cm, aspect ratio 6.2, flapping frequency 7 Hz, total flapping angle 60º, forward speed 6m/s, maximum pitching angle 20º, and incidence angle 6º. The computational scheme developed has been validated satisfactorily. A sample of such validation is shown in Fig. 6 and Table 2 . The introduction of additional factors in the original DeLaurier analysis has produced positive results. To gain some insight on how these computational models compare with the biosystems to mimic, Table 4 is prepared to exhibit the ratio of the lift per cycle calculated using the Present Work and those obtained by other investigators; for comparison, the weight per wing-span of a selected sample of birds are also exhibited. Although the comparison by no means rigorous, it may shed some light on how the geometrical modeling and flapping motion considered in the computational modeling may contribute to the total lift produced and how further refinement could be synthesized. A close look at Table 2 shows some relative gain that can be achieved by the present modeling. Such differences are attributed to the additional elements introduced in the second procedure of previous work, as elaborated in previous sections. 
Component-Wise Forces and Comparison with More Recent Advanced Methods
Another study is carried out to investigate the influence of individual contributions of the pitching-flapping on the flight performance. The calculation is performed on semi-elliptical wing. Results obtained as exhibited in Fig. 7 show that lift is equally dominated by the pitching, flapping and the incidence angle. For the thrust, flapping angle has a very dominant influence over the force. Figure 7 : A qualitative comparison of overall lift (a) and thrust (b) generating capability reflected by the present unsteady viscosity corrected strip-theory based three-dimensional rigid flapping wing study, and more sophisticated results of Ou and Jameson [10] , (c), and La Mantia and Dabnichi unsteady panel method [24] , (d).
Also shown in Fig. 7 , the results obtained by Ou and Jameson [10] using Spectral Difference Method and La Mantia and Dabnichi unsteady panel method [24] . Somewhat similar behavior was obtained by Lian [27] in a gusty environment. The figure only serves as a qualitative assessment in the capability of a simple strip-theory based three-dimensional rigid flapping wing in mimicking 
Conclusions
The present work has been performed to assess the effect of flapping-pitching motion with pitchflap phase lag in the flight of ornithopter. In this conjunction, a computational model has been considered, and a generic baseline computational procedure has been adopted. Further development of earlier work reported in [16] [17] [18] [19] [20] incorporated additional features into the two-dimensional unsteady theory of Theodorsen adopted by DeLaurier [8] . DeLaurier model has accounted for threedimensional and viscous effects and leading edge suction. The additional features added in the present work is the induced velocity due flapping, careful account of the component of Theodorsen Lift Deficiency Factor, and synchronized initial condition per cycle, as elaborated in the theoretical development section. In addition, the present work looks into the contribution of each motion components and the influence of varying the phase lag between them in a structured fashion. The baseline study is carried out on semi-elliptical wing planforms. The results that have been compared and validated with others within similar unsteady aerodynamic approach and general physical data, and within the physical assumptions limitation, have encouraging both qualitative and quantitative agreements. These results lend support to the utilization of the generic modeling adopted in the synthesis of a flight model, although more refined approach to be developed is in the pipeline. Quantitative as well as qualitative comparison with relevant information has been made to assess the merit of the work. Various approaches for ornithopter aerodynamic modeling could be followed, such as the incorporation of leading edge and trailing vortices, and the use of CFD and lifting surface methods.
